Abstract
Introduction
Tower cranes are essential equipment for the construction industry. With the rapid development of the world's infrastructure, the requirements for safety and reliability of tower cranes are increasing [1] . Most tower crane owners still adopt manual welding for their production. The development of enterprises is restricted by the problems of labor intensity, poor working conditions, low productivity, and a lack of quality control [2] . Welding robots have many advantages such as stable weld quality, increased productivity, and improved working conditions: as such they have been widely used in the: automotive, aerospace, ship-building, machine processing, electrical, and electronics industries [3] . Some large-scale construction machinery companies, which have introduced welding robots, are planning to explore the application of flexible robot welding technology on flat-head and boom tower crane structural parts. However, the welding robots are expensive, and they are difficult to use for tower crane welding applications. Therefore, this work has significance for the enhancement of the level of automation of tower crane manufacture by evolving the key technology of a tower crane welding robot.
It is difficult to establish a precise system and model because of the high welding quality required for a tower crane's standard section as they are welded: the welding robot's complex working environment, and its load change dramatically. During motion control of the robot, the angular acceleration constraint, angular velocity constraint, and angle constraint of each joint are the major constraints. In the general case of low-speed running, as long as the joint angles are not overrun, it has little influence on the trajectory planning. But, when the robot running speed is high, the joint angular acceleration and angular velocity can easily exceed their safe limits, which will force the drive current to become too large, or indeed cause an accident. At this point, the various constraints should be considered on the trajectory planning of the robot, and the most commonly
Welding Robot: Overall Program
The main task of a tower crane welding robot is to complete the welding operation of the tower crane standard section's main branch. The welding robot system comprises: a welding manipulator, a welding locator, welding equipment, bearings, control systems, etc. The welding system for double location is demanded in the welding process. The manipulator is an essential part of the tower crane standard section welding system and directly determines the weld quality. To ensure that the welding torch can complete its welding work in an arbitrary posture, the 6-degree-of-freedom serial manipulator is adopted. According to the design principle of the manipulator that: "… arm and wrist should be separated …" [11] , the 3-D model of the manipulator is designed, as shown in Figure 1 . The front three joints form the arm structure and determine the position of the welding torch. The rear three joints' axes are mutually perpendicular and constitute the wrist joints which determine the posture of the welding torch. The 6-degree-of-freedom manipulator coordinate system is established by the D-H (Denavit-Hartenberg) method. The rear three joint axes of the manipulator intersect at one point, which is the reference point of the wrist. To make the kinematic equations simpler, joints 4, 5, and 6 are set as a reference point in the wrist. The coordinate system is established as shown in Figure 1 and the D-H parameters are shown in Table 1 . The N th order vector equation of the Bezier curve is:
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Based on the given space vector points 0 P , 1 P , 2 P and 3 P , the fourth-order cubic Bezier plane curve can be derived as: 
Bezier Curve Constraint Conditions
To make the trajectory formed by the Bezier curve guarantee continuity of robot joint angular velocity and angular acceleration at the connections, we must derive conditions such that two Bezier curves should be satisfied at the connections. We assume that:
  ) . Then we obtain:
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The Bezier curve 1 () u  that be constructed by four control points 0 V , 1 V , 2 V and 3 V can be derived as: 
In the same way, we obtain the formula   . So connect the two Bezier curves smoothly, the edge vector of the corresponding feature polygon should satisfy the following relationship:
The two sections of the Bezier curves satisfy equation 5 during trajectory planning for the manipulator and the values of first and second derivatives at the control points are continuous, that is to say, the angular velocity and angular acceleration of the joint are continuous.
By indicating the relationship of data points between two adjacent sub-section curves, equation 3 can be rewritten as:
Assuming that the i th section section Bezier curve connection data points are i P , 1 i P  and its control points are
, by the nature of the Bezier curve,
So the trajectory of the i section Bezier curve of the manipulator is
Equation 9 is a vector equation: 
Each Bezier trajectory is only decided by the four control points according to the Bezier trajectory formation process, when a period of trajectory running conditions or power does not meet the requirements, some adjustment is needed. The welding robot's
Optimization of the Bezier Curve Trajectory
Because the Bezier curve has the advantage of sub-section processing, and each subsection is only determined by four adjacent control points, changing one vertex of the characteristic polygon will only affect the adjacent four curves relate to the vertex, the other curves do not change. This property of this trajectory optimization means that the entire trajectory of a manipulator can be optimized step-by-step. As a result, the whole running time optimization of the manipulator along the Bezier curve can be converted into the sub-section running time optimization for each sub-section.
(1) The Objective Function. The sub-section optimization is used for the robot running time of each sub-section of Bezier curve here. 
Where
T is the total running time of the manipulator along the whole 
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The maximum angular acceleration should occur at time i t or in the interval ( . Under the roulette selection method, the selective probability of individual i is:
5) Crossover Arithmetic crossover operators. 1 x and 2 x are set as two parent individuals. In the action of arithmetic crossover operators, the progeny can be expressed as: , G is the maximum number of iterations, and b is a shape coefficient (set to 3 here). The specific parameters and steps are as follows.
Step 1: The population size N = 50, genetic algebra G = 80, crossover probability Step 3: When g = 1, the initial population i h is generated randomly, the corresponding i t can be achieved based on i h .
Step 4: The Bezier curve can be obtained based on i q and i t , and it should be checked whether or not the curve meets the speed constraints.
Step 5: The adaptive value of individuals in the population can be obtained from equation 17.
Step 6: Take the operations of roulette wheel selection, arithmetic crossover, and nonuniform mutation on the current population.
Step 7: g = g + 1.
Step 8: If g < G, then switch to step (3). Otherwise, terminate the algorithm to yield the optimal population i h .
Simulation Analysis
Taking the trajectory of welding robot welds on the standard section of a tower crane's main branch as an example, we chose eight nodes on the welding trajectory curve in Cartesian space (Table 2 ). Additional nodes 1 and 8 are obtained based on the initial conditions and boundary conditions, which sets the initial point velocity of the trajectory in each sub-section to zero. Putting the nodal data into the robot inverse kinematic equations, we obtain the corresponding joint angle of the eight nodes as shown in Table 2 . Table 3 lists the constraints of the robot, which are determined by the structure of the robot and the motor parameters.
As shown in Table 2 , due to the tasks' specific requirements, the third, fourth, and sixth joint angles changed little, therefore only those curves for the first, second, and fifth joint angles are shown. To verify the effect of GA optimization, the optimized running graphs and initial running graphs of each joint angle based on Bezier curves are plotted in Figures 3 to 5 , respectively. Table 4 where the running time along a predetermined trajectory of the manipulator was seen to have been significantly reduced: the effect was perfect, and it could meet the velocity constraints. Each joint velocity curve can be obtained by equation (14) . The robots' total running time, from the starting point to the end, has been reduced from 21.245 s to 14.122 s. The reduction of the running time improved the robots' working efficiency. Simulation results showed that the robots' running time had been reduced compared to the initial time taken. Each joint Copyright ⓒ 2015 SERSC displacement curve became smooth after GA optimization. Therefore the results realized the time optimal trajectory planning of the robot, and achieved the expected target. 
Conclusions
This work studied the application of the Bezier method in trajectory planning of a tower crane welding robot. According to the time optimal method, a robot trajectory planning model was established based on a Bezier curve method. The simulation results showed that the algorithm was simple, easy to implement, and reliable. The method could achieve the time optimal trajectory of a robot with kinematic constraints. This work only took the velocity constraint into consideration during trajectory planning and did not consider the driving force constraints. The robot trajectory optimization method was undertaken by off-line programming, and did not consider real-time planning goals. Therefore, the planning of an optimal trajectory for such a robot under actual operational conditions, to realize on-line, real-time tracking may be a useful objective of future work.
